Abstract A new three-dimensional (3-D) frequency selective surface (FSS) based on rectangular waveguide cavities is presented, which realizes a quasi-elliptic bandpass response by multiple transmission zeros/poles. Each unit cell of the proposed FSS is composed of an empty rectangular waveguide cavity and a cuboid circuit board with two back-to-back square loops. With the help of the rectangular waveguide cavities, the electrical and magnetic coupling paths are constructed, resulting in two transmission poles. The constructed out-of-phase signal paths cause two transmission zeros in the upper stopband. To explain the operating principle of the proposed FSS, an equivalent circuit model is given and analyzed using the odd-and even-mode method. A prototype of the proposed FSS is fabricated and measured. The measured results agree well with the simulated results, and show that the FSS can achieve a stable response to variations of incident angle from 0°to 60°for both TE and TM polarizations with wide out-of-band rejection. In addition, the proposed design also realizes a relatively small unit cell.
Introduction
Frequency selective surfaces (FSSs), acting as ordinary spatial filters for incoming electromagnetic waves, are widely used in various systems over the past few decades, such as bandpass radomes, antenna reflectors, electromagnetic shields, as well as absorbers [1, 2, 3, 4, 5, 6, 7, 8] .
Owing to the demands of some practical applications, bandpass FSSs have been intensively investigated. Especially, it is highly desirable that bandpass FSSs can exhibit a quasi-elliptic response, satisfactory angular stability and dual polarizations.
According to the traditional 2-D structures, several FSSs were designed to meet those demands. In [9] , a single layer FSS was proposed by using substrate integrated waveguide technology, which exhibited a quasi-elliptic bandpass response. With a similar response to that in [9] , an FSS based on the tortuous structure realized miniaturization [10] . However, those two first-order FSSs had single transmission pole and zero, leading to unflat passbands and narrow out-of-band rejections due to the lack of multiple transmission zeros/poles. In order to address that issue, some multilayered 2-D FSSs were designed in a cascading fashion. A quasi-elliptic FSS was designed by cascading a two-layer periodic array and a non-resonant grid inductive layer, leading to a second-order bandpass response [11] . Similarly, another second-order bandpass FSS was designed with inductive wire grids and improved Jerusalem slots [12] . As described in [13] , a third-order bandpass FSS was presented by a multilayered structure for X-band application. Nevertheless, those cascaded 2-D FSSs usually had complicated and thick structures, suffering from difficult following-up fabrication and large weight. In addition, some attractive bandpass 2-D FSSs with stable responses were typically designed through the cross coupling resonators [5, 14, 15] , but those FSSs were also difficult for the fabrication and miniaturization. Furthermore, as an alternative approach, a reported concept of 3-D FSSs could construct multi-mode resonant cavities for the desired response [16, 17, 18, 19, 20, 21, 22, 23] . In [17, 18] , two 3-D elliptical bandpass FSSs were studied by utilizing the shielded micro-strip lines. Based on shortcircuited and open-circuited resonators, a highly-selective FSS was proposed, which could provide two transmission zeros located at each side of the passband [21] . Unfortunately, these three designs only operated under single polarization. Recently, a 3-D bandpass FSS was designed based on square coaxial waveguides, with dual polarizations and quasi-elliptic response [23] . Nonetheless, this type of FSS had lots of building blocks, which might cause an inevitably inaccurate implementation.
In this paper, a dual-polarized 3-D FSS is proposed. The unit cell of the proposed FSS is created by an empty rectangular waveguide cavity and a cuboid circuit board with two back-to-back square loops. Due to the electrical and magnetic couplings between the square loops through the rectangular waveguide cavities, multiple transmission zeros/poles are obtained, achieving a quasi-elliptic bandpass response. In order to understand the operating principle, an equivalent circuit model is investigated. At last, a prototype has been fabricated and measured. The results show a good consistency between the full-wave simulations and the measurements. The proposed 3-D FSS exhibits dual polarizations, good angular stability, small in-sertion loss (IL), wide out-of-band rejection and relatively small unit cell.
2. Structure and operating principle 2.1 FSS structure design and simulation As shown in Fig. 1 , a cuboid circuit board with two backto-back square loops is inserted into an empty rectangular waveguide cavity to construct the unit cell of the proposed 3-D FSS. As a result, each end-face of one single unit cell provides a gridded-square loop (GSL) structure. The periods along the x-and y-axes are denoted by d x and d y . The wall thickness of the rectangular waveguide cavity is t, and its height is represented by h. The side-length and linewidth of the square loop are l and w, respectively. The gap distance between the grid and square loop is s. The dielectric constant of the cuboid circuit board is " r . Moreover, the incident angle θ denotes the angle between the wave vector k of the incident wave and the normal to the FSS structure.
In Fig. 2 , it provides the transmission and reflection coefficients of a design example by using the full-wave simulator HFSS. The physical dimensions denoted in Fig. 1 are as follows:
The simulated results show that a quasi-elliptic bandpass response is realized, with two transmission poles f p1 ¼ 6:08 GHz and f p2 ¼ 6:25 GHz in the passband, as well as two transmission zeros f z1 ¼ 6:87 GHz and f z2 ¼ 7:6 GHz in the stopband. It is also observed that the 3-dB relative bandwidth (RBW) of the passband is 10.1%, and the 20-dB RBW of the stopband is 40.1% at the center frequency of the passband (f c ¼ 6:1 GHz).
Equivalent circuit analysis
In order to provide direct physical insight into the operating principle of the proposed 3-D FSS, an equivalent circuit model (ECM) for normal incidence is established and demonstrated in Fig. 3 . For simplicity, all losses are not considered in this circuit model.
The ECM can be divided into three parts which are two LC resonators and one transmission line resonator, when ypolarized plane waves strike upon the FSS structure. The two same LC resonators consisting of L 1 , L 2 , and C 1 , represent the GSL structures on the top and bottom endfaces of the proposed FSS. The inductors L 1 and L 2 are the self-inductance of the square loop and grid, respectively.
The capacitor C 1 denotes the gap capacitance between the grid and square loop. Here, the transmission line resonator expresses the rectangular waveguide cavity with the frequency-dependent characteristic impedance ZðfÞ and the electrical lengths θ under the dominant mode TE 10 . With regard to the mutual capacitance C m and the mutual inductance L m , their existences can be justified by the vector field distributions in Fig. 4 . In Fig. 4(a) , the current directions of the square loops on the top and bottom end-faces are in-phase, which reveals the existence of a positive mutual inductance. From Fig. 4(b) , it can be seen that some of the electric field vectors direct vertically into the dielectric substrate, implying that the capacitive effect between two square loops, is not negligible.
For more convenient analysis, the mutual capacitance C m is represented by an admittance inverter J ¼ !C m , and the mutual inductance L m is denoted by an impedance inverter K ¼ !L m . Thus, a modified ECM is obtained, as shown in Fig. 5(a) . It is found that the signal path directly through the waveguide ðZðfÞ; Þ and the coupling paths (C m and L m ) are achieved, and the out-of-phase signal paths contribute to multiple transmission zeros at finite frequencies. Considering the waveguide cavity effects, the self-capacitance C 1 and self-inductance L 1 of the resonators can be defined by
where C 0 and L 0 represent the resonator capacitance and inductance without the coupling waveguide cavities, respectively [24] . The initial values of the electrical parameters L 0 , C 0 and L 2 for the GSL structures are calculated directly by using the given formulas in [25, 26, 27] , and C m , L m are extracted by using the methods in [28] . With a curve-fitting method [29] , the final parameter values From Fig. 5(b) , the even-mode input admittance Y even is derived as
Where Z oc is the input impedance of the rectangular waveguide transmission line in open circuit state, and θ is the electrical length.
The characteristic impedance of the rectangular waveguide transmission line is defined as [30] ZðfÞ ¼
Where 0 is the permeability in free space, and " 0 is the dielectric constant in free space. The parameter " r is the relative dielectric constant. Similarly, the odd-mode input admittance Y odd is obtained from Fig. 5(c) , as follows:
Z sc ¼ jZðfÞ tanð=2Þ ð 7Þ
Where Z sc is the input impedance of the rectangular waveguide transmission line in short circuit state. Consequently, the scattering matrix parameters can be obtained based on the odd-and even-mode input admittances [31] .
In Fig. 6 , it compares the simulated scattering parameters from HFSS with those obtained from the ECM, where a very good agreement can be observed. However, a slight deviation appears in the high frequencies. The main reason is that the rectangular waveguide cavity is characterized under the dominant mode TE 10 without considering the effect of the higher modes. board with a thickness of 4.6 mm. Part 2 pieces are realized by using ordinary printed circuit board technology. The layouts of the assembly process mainly contain two steps: 1) Part 1 pieces are cross-joined together through the opening slots to construct an aluminium frame, which supports periodic rectangular waveguide cavities. 2) Part 2 pieces are inserted into the constructed frame one by one, so as to achieve the proposed design. 
Measurement results
The FSS prototype is measured by using the free-space method, as shown in Fig. 9 . The measurement setup mainly includes a pair of horn antennas, a FSS prototype, screens covered by absorbers and a vector network analyzer. The FSS prototype is placed into the rectangular through-hole window in the center of the rotatable screen. Two horn antennas operating from 1 to 18 GHz are located about 120 cm apart from each side of the rotatable screen, so as to ensure that the FSS structure is excited with uniform plane waves. Moreover, the whole measurement system is surrounded by the absorbing screens. In order to obtain the accurate results, three measurement cases are carried out: 1) the transmission coefficients without the FSS. 2) the transmission coefficients with the FSS between the two horn antennas. 3) the transmission coefficients with an identically-sized metallic plate instead of the FSS. Then, the measured results of case 2 are calibrated with respect to the results of case 1 and case 3 by using the time-domain gating function.
The simulated and measured transmission coefficients of the proposed FSS under oblique incidence for both TE and TM polarizations, are shown in Fig. 10 . It is observed that the bandpass filtering responses are polarization independent and very stable against different incidence waves. It is also seen that the quasi-elliptic bandpass FSS is realized, with two measured transmission poles at 6.05 and 6.32 GHz (Simulated: 6.08 and 6.25 GHz) in the passband, and two measured transmission zeros at 7.02 and 7.84 GHz (Simulated: 6.87 and 7.6 GHz) in the stopband. The measured insertion loss at f c is about 0.8 dB under the normal incidence. Such acceptable discrepancies between the measured and simulated results may be attributed to fabrication tolerance, actual dielectric constant, assembly tolerance, and measurement error. In Table I , the performances of the proposed FSS are compared with some previously designs with similar frequency responses. Obviously, it can be observed that the proposed FSS with multiple transmission zeros/poles exhibits the advantages in angular stability, dual polarizations, insertion loss and unit cell size. 
Conclusion
In this paper, a dual-polarized 3-D FSS with quasi-elliptic bandpass response based on rectangular waveguide cavities is presented. The unit cell is realized by employing an empty rectangular waveguide cavity and a cuboid circuit board. The electrical and magnetic coupling paths are constructed through the rectangular waveguide cavities, which provide two transmission poles in the passband. The counteraction of signal paths generates two transmission zeros to improve the out-of-band rejection. An equivalent circuit model is proposed to explain the operating principle. Finally, comparing with the previous publications, the measurement results of an implemented example verify the properties of the proposed design. 
